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BNT162b2, anucleoside-modified mRNA formulated in lipid nanoparticles that
encodes the SARS-CoV-2 spike glycoprotein (S) stabilized inits prefusion
conformation, has demonstrated 95% efficacy in preventing COVID-19'. Here we

extend a previous phase-l/l trial report® by presenting data on the immune response
induced by BNT162b2 prime-boost vaccination from an additional phase-I/Il trial in
healthy adults (18-55years old). BNT162b2 elicited strong antibody responses: at one
week after the boost, SARS-CoV-2 serum geometric mean 50% neutralizing titres were
up to 3.3-fold above those observed in samples fromindividuals who had recovered
from COVID-19. Sera elicited by BNT162b2 neutralized 22 pseudoviruses bearing the S
of different SARS-CoV-2 variants. Most participants had a strong response of IFNy” or
IL-2"CD8" and CD4" T helper type 1 cells, which was detectable throughout the full
observation period of nine weeks following the boost. Using peptide-MHC multimer
technology, we identified several BNT162b2-induced epitopes that were presented by
frequent MHC alleles and conserved in mutant strains. One week after the boost,
epitope-specific CD8" T cells of the early-differentiated effector-memory phenotype
comprised 0.02-2.92% of total circulating CD8" T cells and were detectable (0.01-
0.28%) eight weeks later. In summary, BNT162b2 elicits an adaptive humoral and
poly-specific cellularimmune response against epitopes that are conserved in abroad
range of variants, at well-tolerated doses.

The effect of the SARS-CoV-2 pandemic has necessitated the rapid
development of safe and effective prophylactic vaccines. Eleven
months after starting ‘Project Lightspeed’ (the joint BioNTech-
Pfizer programme for the development of an RNA vaccine for
COVID-19), BNT162b2 became the first vaccine to be authorized
for emergency use. The vaccine showed 95% efficacy for protection
against COVID-19 in a phase-Il/1ll trial' and emerging real-world data
confirmthat BNT162b2is highly effective in preventing COVID-19 and
hospitalization and death associated with SARS-CoV-2 infection®.
The observational data also demonstrate that BNT162b2 reduces
laboratory-confirmed infection, as well as viral load in individuals
who are infected®®.

BNT162b2 is based on lipid-nanoparticle-formulated mRNA vac-
cine technology, which delivers precise genetic information of the
immunogen to antigen-presenting cells and elicits potentimmune

responses’. mRNA is transiently expressed, does notintegrate into the
genome and is degraded by physiological pathways. mRNA vaccines
are molecularly well-defined and synthesized efficiently from DNA
templates by in vitro transcription®°, mRNA production and lipid
nanoparticle formulation are fast and highly scalable, which renders
thistechnology suitable for the rapid development and supply of vac-
cines during pandemic scenarios™?2,

Two phase-I/Il umbrella trials, one in Germany and one in the USA,
investigated four candidate RNA-lipid nanoparticle vaccines. Prelimi-
nary clinical data from these studies on two candidates, BNT162b1*
and BNT162b2?, have previously been reported. Both of the candi-
dates are pharmacologically optimized™¢, N'-methylpseudouridine
nucleoside-modified mRNAs" that are administered intramuscularlyin
aprime-boost regimen 21 days apart. BNT162bl encodes atrimerized,
secreted version of the receptor-binding domain (RBD) of S, whereas
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Fig.1|BNT162b2-induced IgG concentrations and virus neutralization
titres. Participants wereimmunized with BNT162b2 ondays1and 22 (n=12 per
dose cohort; fromday 22 onwards, n=11for the 1-ug and 10-pg dose cohorts).
Arrowheadsindicate days of vaccination. Pre-dose responses (pre) across all
dose levels were combined. Samples fromindividuals who had recovered from
infection with SARS-CoV-2 or COVID-19 (‘human convalescent samples’ (HCS))
(n=38) were obtained at least 14 days after PCR-confirmed diagnosisand ata
time at which the donors were no longer symptomatic. Each serum was tested
induplicateand geometric mean 50% (pseudo)neutralizing titres (GMTs) were

BNT162b2 encodes full-length SARS-CoV-2 S stabilized in the prefusion
conformation'®. BNT162b2 was selected as pivotal candidate on the basis
ofthetotality of data obtained inthe two phase-I/ll trials and challenge
studies in non-human primates>,

Inthe phase-I/Iltrialin the USA (NCT04368728), immunization with
BNT162b2 at dose levels of up to 30 pug was associated with generally
mild-to-moderate local reactions at the injection site as well as systemic
events, such as fatigue, headache and myalgia®. Robust concentrations
of S1-binding immunoglobulin G (IgG) and neutralizing titres against
aSARS-CoV-2 strainwith the wild-type (Wuhan-Hu-1) S sequence were
elicited. Geometric mean 50% neutralizing titres (GMTs) of sera drawn
fromyounger (18-55 years) and older (65-85 years) adults seven days
after the booster dose of 30 g BNT162b2 were 3.8-fold and 1.6-fold,
respectively, the GMT of samples from individuals who had recov-
ered from COVID-19. Here we provide data from the phase-I/Il trial in
Germany (NCT04380701, EudraCT: 2020-001038-36) that provide
insights into vaccine-induced immune responses after prime-boost
vaccination with 1, 10, 20 and 30 pg BNT162b2 in participants of
19-55 years of age. In addition to reporting neutralizing-antibody
GMTs up to day 85 after dose1and cross-neutralizing-antibody GMTs
against newly emerging SARS-CoV-2 strains, this study provides a char-
acterization of the T cell responses elicited by BNT162b2, including
the identification of epitopes that are recognized by the CD8" T cells
induced by a COVID-19 vaccine.

Study design and analysis sets

Participants (n=12 per dose level) were assigned to a priming dose of
1,10,200r30pgondaylandabooster dose onday 22 (Extended Data
Fig.1). The baseline characteristics and disposition of the participants
are provided in Extended Data Tables 1, 2.

Safety and tolerability

We observed no related serious adverse events, no grade-4 reactions
and no withdrawals owing to related adverse events. Local reactions
(predominantly pain at the injection site) were mild-to-moderate
(grades1and 2) and of similar frequency and severity after the prim-
ingandbooster doses (Extended Data Fig. 2a, Extended Data Table 3a).
The most common systemic adverse events were fatigue and head-
ache, and only two participants reported mild fever (Extended Data
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plotted.a, SARS-CoV-250% neutralization titres (VNT,,). For values below the
lower limit of quantification (LLOQ; 20), LLOQ/2 values are plotted. Group
GMTs (values above bars) with 95% confidence intervals. b, Pseudovirus

50% neutralization titres (pVNTs,) across a panel of pseudoviruses displaying
SARS-CoV-2Svariants, including Wuhan-Hu-1 (wild type), B.1.1.298 with four
point mutations (B.1.1.298 (A4)) and B.1.351 with all ten lineage-defining
mutations (B.1.351 (A10)) or eight of those mutations (B.1.351 (A8)); 30-pg dose
cohort,n=1forday29,n=11for day43.

Fig.2b, Extended Data Table 3b). Transient chills were more common
after the boost, were dose-dependent and were occasionally severe.
Muscle pain and joint pain were also more common after the boost and
showed dose-dependent severity. Reactions had their onset within 24 h
of immunization, peaked on the day after immunization and mostly
resolved within 2 or 3 days, and either did not require treatment or
could be managed with simple measures (such as paracetamol).

No clinically relevant changes in routine clinical laboratory values
occurred. We observed a mild drop in blood lymphocyte counts and
an increase in C-reactive protein, which are known pharmacody-
namic markers of mRNA vaccines?; both of these were transient,
dose-dependent and within, or close to, laboratory-normal levels
(Extended DataFig. 3).

Vaccine-induced antibody response

We assessed S1-and RBD-binding IgG concentrations and SARS-CoV-2
neutralizing titres on day 1 (pre-dose), day 8 and day 22 (1and 3 weeks
after the priming dose, respectively), and onday 29, day 43, day 50 and
day 85(1, 3,4 and 9 weeks after the booster dose, respectively) (Fig. 1,
Extended DataFig. 4, Extended Data Table 2).

All participants who received dose levels greater than1pghad detect-
able antigen-binding antibody concentrations and virus neutralizing
serum titres after the booster dose. On day 22, geometric mean con-
centrations (GMCs) of S1-binding IgG had increased in all dose cohorts
and were in the range of 49 to 1,161 U ml™ (Extended Data Fig. 4a). We
observed a dose-level dependency only between the 1- and 10-pg
dose levels. On day 29, S1-binding IgG GMCs showed a strong booster
response that ranged from 691 to 8,279 U ml™. S1-binding antibody
GMCs declined to a range 0f 1,384 to 2,991 U ml™ at day 85, which is
well above the level observed in individuals who had recovered from
COVID-19 (631U ml™). We made similar observations when using only
the RBD as the target antigen (Extended Data Fig. 4a).

SARS-CoV-2 GMTs of sera increased modestly in a proportion
of participants after the priming dose (day 22) (Fig. 1a). After the
booster dose (day 29), GMTs increased substantially to 169,195 or 312
in participants immunized with 10 pg, 20 pg or 30 ng BNT162b2,
respectively, butincreased only minimally in participants immunized
with1pg BNT162b2 (GMT of 25). GMTs initially decreased thereaf-
ter, and remained stable from day 43 up to day 85 for participants
who were vaccinated with BNT162b2 dose levels of 10 to 30 pg. At
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Fig.2|Magnitude and durability of BNT162b2-induced T cell responses.
a-c,PBMCs obtained onday1(pre), day 29 (dose cohortsof1,10and 20 pg, n=9
each; 30 pg, n=10) and day 85 (30-pg dose cohort) were enriched for CD4 " or
CD8' Tcellsand separately stimulated overnight with overlapping peptide
poolsrepresenting the wild-type sequence of SARS-CoV-2S (S pool1land
Spool2),CMV, EBV, influenzavirus and tetanus toxoid (CEFT) or CMV, EBV
andinfluenzavirus (CEF) pools for assessment by IFNy ELISpot. Cumulative
responsestoboth S poolsareshowninb, c. Each datapointrepresentsthe
normalized mean spot count from duplicate wells for one study participant,
after subtraction of the non-stimulated control. Numbers above each dataset

day 85, GMTs ranged from 120 to 181, and were 1.3- to 1.9-fold those
of individuals who had recovered from COVID-19 (GMT of 94). All
participants immunized with 30 pg BNT162b2 remained well above
a GMT of 40 throughout the entire follow-up period (until day 85)
(Extended Data Fig. 4b).

For dose levels of 10 ug and greater, the S1-binding IgG GMCs gradu-
ally declined from a peak on day 29, whichisatypical response of B cells
thatare cognately activated by either natural infection or vaccination
(reflecting an initial over-proliferation followed by contraction)*?,
By contrast, GMTs initially decreased after their peak on day 29 and
stabilized around day 43, which implies the selection and affinity
maturation of functional antibodies. Neutralizing-antibody GMTs
correlated strongly with S1-binding IgG GMCs (Extended Data Fig. 4c).

We investigated the breadth of inhibition of virus entry by
BNT162b2-elicited antibodies using a vesicular stomatitis virus (VSV)-
based SARS-CoV-2 pseudovirus neutralization assay (pVNT). We investi-
gated 22 pseudoviruses: 19 of these contained SARS-CoV-2Swith asingle
mutation that has beenidentified in one of the common circulating virus
strains?®?, and 3 displayed Swithsets of mutations that are found ineither
the mink-related SARS-CoV-2 variant B.1.1.298 that was first identified
in Denmark® or the SARS-CoV-2 variant B.1.351 that was first identified
inSouth Africa®. We conducted the single- and multiple-mutant pVNTs
using different protocols, and the resulting neutralization titres are not
comparable. Sera collected from BNT162b2-vaccinated participants
on day 29 had high neutralizing titres to each of the SARS-CoV-2 S vari-
ants with a single amino acid altered (Extended Data Fig. 4d). Likewise,
BNT162b2-immune sera collected on day 29 or 43 neutralized pseudovi-
rus bearing the S of B.1.1.298 with four point mutations as efficiently as
they did pseudovirus with the S of SARS-CoV-2 Wuhan-Hu-1 (wild type)
(Fig. 1b). Pseudoviruses with the S of B.1.351 with either ten mutations
orareducedset of eight mutations were neutralized at lower GMTs than
the wild-type strain (33 and 30, respectively, as compared to 150). All of
the BNT162b2-immune sera that we tested neutralized all the pseudovi-
ruses, and no pseudovirus escaped neutralization.
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ina, crepresent the number of participants with a positive T cell response over
the number of participantstested. a, S-specific CD4" (top) and CD8" (bottom)
Tcellresponses for each dose cohort for S pool1(left panels)and S pool 2 (right
panels). Spot count data from two participants from the 20-pg dose cohort
could notbe normalized and are not plotted. b, CD4" (left) and CD8* (right)
TcellresponsestoSandrecallantigens (CEF or CEFT) in all participants witha
positiveresponse on day 29 after initial vaccination. Horizontal bars indicate
medianvalues. ¢,Kinetics of CD4" (left) and CD8" (right) T cell responses in six
participants from the 30-pg dose cohort. Vertical dotted lines indicate days of
vaccination.

Vaccine-induced T cell responses

We analysed the T cell responses of 37 participants immunized
with BNT162b2 from the 1-,10-, 20- and 30-pg dose cohorts on day 1
(pre-prime) and 29 (one week after the boost) and from six 30-pg-dosed
participants on day 85 (nine weeks after the boost) using anex vivo IFNy
enzyme-linked immunosorbent spot (ELISpot) assay (Extended Data
Table 2). SARS-CoV-2 S is composed of a signal peptide (amino acids
1-13), the N-terminal S1 protease fragment (amino acids 14-685) con-
taining the RBD (amino acids 319-541) and the C-terminal S2 protease
fragment (amino acids 686-1273). We stimulated CD4" or CD8" T cell
effectors overnight with overlapping pools of peptides representing
the N-terminal ‘S pool I’ (amino acids 1-643), the C-terminal ‘S pool 2’
(aminoacids 633-1273) and the ‘RBD’ (amino acids 1-16 fused to amino
acids 327-528 of S) of SARS-CoV-2S.

After the booster dose (day 29), we detected robustly expanded
SARS-CoV-2S-specific CD4" T cellsin all 37 participants atall BNT162b2
dose levels (Fig. 2a, Extended Data Fig. 5a, b). Thirty of the 34 partici-
pants with available pre-vaccination peripheral blood mononuclear
cells (PBMCs) (88.2%) had de novo CD4" T cell responses against both
of the S pools. One participant had a de novo response only against
S pool 2. The remaining three participants had de novo responses
against S poollandlow numbers of pre-existing S-pool-2-reactive CD4"
Tcells.Inthese three participants, the pre-existing S-pool-2 responses
were amplified by vaccination in the range of 3-, 5- or 13-fold. In con-
clusion, in 94.1% (32 out of 34) of participants, two doses of BNT162b2
induced poly-epitopic CD4" T cell responses (de novo or amplified)
directed against both N- and C-terminal portions of S.

At dose levels of 10 pg or higher, the magnitude of CD4" T cell
responses was not dose-dependent and varied between individuals. Inthe
strongest-responding individuals, the S-specific CD4" T cell responses
were more than tenfold the individual memory responses to common
viruses and recall antigens (cytomegalovirus (CMV), Epstein-Barr virus
(EBV), influenzavirus and tetanus toxoid) (Fig. 2b, Extended DataFig. 5c).
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Fig.3|Cytokine polarization of BNT162b2-induced T cells. a, b, PBMCs
obtained onday1(pre), day 29 (dose cohorts1pg, n=8;10,20and 30 pg, n=11
each), day43 and day 85 (30-pug dose cohort, n=8) were stimulated overnight
with overlapping peptide pools representing the wild-type sequence of
SARS-CoV-2S (SpoollandSpool2) forassessmentby flow cytometry (gating
strategy in Supplementary Fig.1). Participant PBMCs were tested without
replicates. a, S-specific CD4* T cells producing theindicated cytokine as a
fraction of total cytokine-producing S-specific CD4" T cells on day 29 after

The majority of vaccine-induced S-specific CD8" T cell responses that
we detected in 34 of 37 participants (91.9%) were strong, with magni-
tudes comparable to individual memory responses against CMV, EBV
andinfluenzavirus (Fig. 2a, b, Extended Data Fig. 5a-c).

Denovo S-specific CD8" T cell responses were induced in 33 partici-
pants. These were directed against both (22 participants) or one of the S
pools (Spool1in10 participants and S pool 2in 2 participants), indicat-
ing a poly-epitopic response that included non-RBD S-specific T cells
(Extended Data Fig. 5d). Inseven participants, we detected pre-existing
CD8' T cell responses to S pool 2 that were not further augmented
by vaccination. Six out of these seven participants had a concurrent
de novo response to S pool 1, which did not differ in strength from
those responses that we observed in individuals without pre-existing
responses to S pool 2 (Extended Data Fig. 5e). Of note, the strongest
responses (higher than third quartile) against S pool 1 among the
34 participants with detectable CD8" T cell responses were observed
inthose without pre-existing S-pool-2-specific responses.

Both the CD4*and the CD8" T cell responses contracted after day 29
in participants vaccinated with 30 pg BNT162b2, and were higher than
or in the range of recall antigen memory responses on day 85 (Fig. 2c,
Extended Data Fig. 5f).

The magnitude of S-specific CD4" T cell responses correlated positively
withS1-binding IgG (Extended Data Fig. 6a) and, consistent with the con-
cept of intramolecular help®, also with the strength of S-specific CD8"
Tcellresponses (Extended DataFig. 6b). S-specific CD8" T cell responses
correlated with S1-binding IgG (Extended Data Fig. 6¢), whichimplies a
convergent development of the humoral and cellular adaptive immunity.

Polarization of T cell responses

We determined cytokine secretion in response to stimulation with S
pool1,Spool2and RBD pool by intracellular staining in PBMCs of 41 par-
ticipants immunized with BNT162b2 (Extended Data Table 2). A con-
siderable fraction of vaccine-induced, S-specificCD4* T cells secreted
IFNy, IL-2 or both, whereas we barely detected T cells secreting the

Time (d after initial vaccination)

Time (d after initial vaccination)

initial vaccination, for Spool1(top) and S pool 2 (bottom). CD4 non-responding
individuals (<0.03% total cytokine-producing T cells:1pg, n=2(Spool1) and
n=1(Spool2);10 ug, n=1) wereexcluded. Arithmetic means with 95%
confidenceintervals are shown. Pre-vaccination values fromall analysed
participants are plotted in Extended Data Fig. 7b. b, Kinetics of S-pool-
1-specific CD4" (top) and CD8"* (bottom) T cell responses producing IFNy (left)
orIL-2 (right) as afraction of total circulating T cells of the same subset. Vertical
dottedlinesindicate days of vaccination.

Thelper2cell cytokine IL-4 (Fig. 3a, Extended Data Fig. 7a-c). S-specific
CD8' T cells secreted predominantly IFNy, and lower levels of IL-2, in
response to S pool 1and S pool 2 stimulation. Fractions of IFNy*CD8"
T cells specificto S pool1constituted up to about 1% of total peripheral
blood CD8'T cells (Extended Data Fig. 7d). Confirming ELISpot find-
ings, seven participants displayed pre-existing S-pool-2-specific CD8"
T cell responses, which were not further amplified by vaccination in
six participants. We detected a strong pre-existing S-pool-2-specific
IFNY*CD4" T cell response in one participant (Extended Data Fig. 7b).
The fraction of IFNy and IL-2 cytokine-producing T cells induced by
the vaccine strongly increased by day 29, declined until day 43 and
stabilized towards day 85 (Fig. 3b, Extended Data Fig. 7e).
Inbothassay systems, the cytokine production of CD4*and CD8" T cells
inresponse to peptide pools comprising full SARS-CoV-2 S exceeded the
responses against the RBD peptide pool, which further confirms the
poly-specific nature of T cell responses elicited by BNT162b2. The mean
fraction of S-specific IFNy* or IL-2* CD4* and CD8" T cells induced by
BNT162b2 withintotal circulating T cells was higher than that we detected
inindividuals who had recovered from COVID-19 (Extended DataFig.7b, d).

Specificity and phenotype of CD8" T cells

We investigated epitope-specific CD8" T cell responses in the
PBMCs of three participants vaccinated with BNT162b2 with indi-
vidual peptide-MHC (pMHC) multimer cocktails by flow cytometry
analysis. Twenty-three (4 for HLA-B*0702 and 19 for HLA-A*2402),
14 (all HLA-B*3501) and 23 (7 for HLA-B*44.01 and 16 for HLA-A*0201)
pMHC allele pairs were used for participants 1, 2 and 3, respectively.
Weidentified several epitopes for each participant, representing eight
different epitope-MHC pairs that were recognized by de novo-induced
CD8" T cells and were spread across the full length of S (Fig. 4a, b).
All eight epitopes are fully conserved in the B.1.351, the B.1.1.7 (first
identified in the UK) and P.1 (firstidentified in Brazil) lineages (Extended
DataFig. 7f).Inthe B.1.1.298 lineage, one epitope was altered inasingle
amino acid.
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The magnitude of epitope-specific CD8"* T cell responses ranged
from 0.02 to 2.92% of peripheral CD8" T cells, with the most notable
expansion for HLA-A*0201-YLQPRTFLL, HLA-A*2402-QYIKWPWYI and
HLA-B*3501-QPTESIVRF, and contracted to 0.01to 0.28% by day 85.

Compared to the pMHC multimer assay (which non-comprehensively
samples discrete, predefined T cell reactivities), we found that the
CDS8' responses determined by ELISpot and intracellular staining in
bulk PBMCs underestimated the true magnitude of the poly-specific
cellularimmune response (Extended Data Fig. 7g).

The pMHC multimer® S-specific CD8" T cells that we identified
were of an early-differentiated, central or effector memory pheno-
type on day 29 (Fig. 4c). On day 85, epitope-specific CD8" T cells were
unchanged in participants1and 2 and differentiated towards CD45RA
re-expressing cells with CD27 and CD28 co-expressionin participant3,
which suggests an early-differentiated state.

Discussion

Effectors of the adaptive immune system have complementary roles
invirus defence. Antibodies neutralize free virus, whereas CD8" cyto-
toxic T lymphocytes clear the intracellular virus compartment; CD4"
T cells exert various functions, including providing cognate help to
B and T cells, promoting memory generation and indirect (for exam-
ple, via IFNy) or direct (against MHC-class-II-expressing target cells)
cytotoxic activity.

The sufficiency of neutralizing antibodies alone for full and
long-lasting protective immunity to SARS-CoV-2, and the contribution
of SARS-CoV-2-specific T cells, remain unclear. Anincreasing amount of
datasupportsarole of T cells®**, such as case reports of patients with
critical COVID-19 who lack S1-reactive CD4* T cells** and of asympto-
matic virus exposure being associated with cellularimmune responses
and without seroconversion®.

We show that BNT162b2 induces a broad immune response with
SARS-CoV-2 S-specific neutralizing antibodies and poly-specific CD4"
and CD8'T cells. All evaluable participants vaccinated with BNT162b2
mounted de novo S-specific CD4" T cell responses, and almost 90%
of participants mounted de novo CD8" T cell responses. We observed
potent memory T cell responses for the full observation period (of nine

576 | Nature | Vol 595 | 22 July 2021

weeks after the booster dose). The magnitude of the T cell responses
varied betweenindividuals and, above a dose level of 1 g, was independ-
ent of dose level. Robust expression of IFNy and IL-2, and low levels of
IL-4,inBNT162b2-induced CD4" T cellsindicated a T helper1cell profile.

Although CD8" T cell responses against the S1 subunit were not
detected at baseline, several individuals had pre-existing immune
responses against the S2 subunit, most probably owing to the similarity
of its sequence to corresponding seasonal-coronavirus sequences and
pre-existing cross-reactive CD8" T cells®>®,

T cell recognition of epitopes spread across the entire length of
Swas one of the reasons to favour BNT162b2 over BNT162b1*. Inthree
participants, we identified single S epitopes that were recognized by
vaccine-induced CD8" T cells and were highly conserved across various
circulating SARS-CoV-2 variants. The set of single-epitope-reactive
T cellsfor eachindividual wasidentified by a candidate approach that
was not designed to capture the full spectrum of the vaccine-induced
reactivities of thatindividual across all their restriction elements. Con-
sequently, the pMHC multimers visualize only a fraction of the full
vaccine-induced repertoire for each of the three participants. None-
theless, ineach participant the magnitude of the sum of the identified
single-epitope T cell responses exceeded their overall T cell response
measured by ELISpot and intracellular staining assay, as these assays
stimulate with peptide poolsin which theimmunogenic epitopes com-
petewitheach otherandthusyield lower T cell frequencies ascompared
to single-peptide analyses.

Ahigh proportion of boosted CD8" T cells were early-differentiated
central effector and memory cells; the T cell population contracted
and further differentiated towards an early-differentiated memory
phenotype with co-expression of CD27 and CD28. This favourable
phenotype has the potential to respond rapidly toinfection, but hasa
limited capacity to produce IFNy, and thus is less likely to be detected
infunctional T cell assays with PBMCs. Although SARS-CoV-2 S-derived
CDS8" T cell epitopes after natural infection have previously been pub-
lished (including theimmunodominant HLA-A*0201-restricted peptide
YLQPRTFLL thatis also identified in this Article)*>®, to our knowledge
thisis thefirstreport of epitopes recognized by vaccine-induced T cells.

The breadth and poly-specific nature of CD8" and CD4" T cell
responses, and the linear nature of T cell epitopes that make them less



susceptible to the secondary conformation-driven effects of a single
amino acid variation, may mitigate the risk of immune escape of new
variant strains. All eight S epitopes recognized by BNT162b2-elicited
CD8" T cells were shared by the vaccine-targeted SARS-CoV-2 isolate,
andbyB.1.1.7,P.1and B.1.351 lineages. Inthe B.1.1.298 lineage, which has
not demonstrated sustained human-to-human transmission, only one
ofthe eight CD8"T cell epitopes showed a single-point mutation (which
may or may not affect its binding to the respective MHC molecule).

Asreported for the phase-l/1ltrial in the USA?, prime-boost vaccina-
tion with 10 to 30 pg of BNT162b2 elicited GMTs of sera that—after an
initial decline—remained stable for the entire follow-up of nine weeks
after thebooster dose, in the range of or higher than GMTs inindividu-
als who had recovered from COVID-19.

Of the 22 pseudotyped viruses with the S mutations of circulat-
ing SARS-CoV-2 variants, almost all were efficiently neutralized by
BNT162b2-immune sera. Although neutralizing-antibody GMTs against
the two pseudoviruses representing B.1.351-lineage S proteins were
neutralized at reduced GMTs, no escape from neutralization was
noted. Together with recent reports of the preserved neutralization
of SARS-CoV-2 with key Smutations found in the B.1.1.7 and the B.1.351
lineage®**°, and neutralization of pseudovirus bearing the full set of
mutations of B.1.1.7 S*, our data indicate broad BNT162b2-elicited
immune recognition®™*,

Phase-lll trial data' and real-world data®> show that a single 30-ug
dose of BNT162b2, although associated with low neutralizing antibody
titres, confers partial disease protection. Potential explanations may be
that S1-binding antibodies exert antiviral effects by other mechanisms,
such as antibody-dependent cytotoxicity or phagocytosis, or by the
contribution of vaccine-induced T cells.

The limitations of our clinical study include the small sample size,
thelack of representation of populations of interest and limited avail-
ability of blood samples for amore in-depth T cell analysis. These are
being addressed by the ongoing clinical programme and emerging
real-world data.
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Methods

The experiments were not randomized, and investigators were not
blinded to allocation during experiments and outcome assessment.

Clinical trial design

Study BNT162-01 (NCT04380701) is an ongoing, umbrella-type
first-in-human, phase-I/Il, open-label, dose-ranging clinical trial to
assesses the safety, tolerability and immunogenicity of ascending dose
levels of various intramuscularly administered BNT162 mRNA vaccine
candidates in healthy men and non-pregnant women of 18 to 55 years
(amended to add 56-85 years) of age. The principal end points of the
study are safety and immunogenicity. Key exclusion criteriainclude
previous clinical or microbiological diagnosis of COVID-19; receipt
of medications to prevent COVID-19; previous vaccination with any
coronavirus vaccine; a positive serological test for SARS-CoV-2 IgM
and/or IgG; and a SARS-CoV-2 nucleic acid amplification test-positive
nasal swab; increased risk for severe COVID-19; and immunocompro-
mised individuals.

The presented dataare from the BNT162b2-immunized healthy adults
19 to 55 years of age exposed to dose levels 1,10, 20 or 30 pg. The data
arebased ona preliminary analysis (data extraction date of 23 October
2020 for safety and antibody analysis, and 28 January 2021 and
17 February 2021 for T cell analysis (ELISpot and intracellular staining
(ICS), respectively)) and are focused on the analysis of vaccine-induced
immunogenicity descriptively summarized at the various time points,
and onreactogenicity. All participants with dataavailable wereincluded
intheimmunogenicity analyses. This part of the study was performed
atone site in Germany with 12 healthy participants per dose level in a
dose-escalation and de-escalation design. Sentinel dosing was per-
formedineach dose-escalation cohort. Progression in that cohort and
dose escalation required data review by a safety review committee.
Participants received aBNT162b2 priming dose on day1,and abooster
dose onday 22 + 2 (on day 28 for one participant from the 10-pug dose
cohort).Serum for antibody and neutralization assays was obtained on
day 1 (pre-prime), 8 +1(post-prime), 22 + 2 (pre-boost), 29+ 3,43 + 4,
50 + 4 and 85+ 7 (post-boost; for all dose levels except 1 ug). PBMCs
for T cell studies were obtained onday 1 (pre-prime),29 +3,43 + 4 and
85+ 7 (post-boost) (Extended Data Fig.1). Follow-up of participantsis
ongoing and includes assessment of antibody and T cell responses at
later time points. Reactogenicity was assessed by patient diary. One
participant (1-pg dose cohort) withdrew before the booster dose for
reasons unrelated to the study drug and was not available for further
follow-up. Another participant (10-pg dose cohort) presented with
concurrent moderate nasopharyngitis unrelated to the study drug
when the booster dose was due; this participant did not receive the
booster dose but remained on the study for follow-up. The trial was
carried out in Germany in accordance with the Declaration of
Helsinki and Good Clinical Practice Guidelines and with approval
by an independent ethics committee (Ethik-Kommission of the
Landesadrztekammer Baden-Wiirttemberg, Stuttgart, Germany) and
the competent regulatory authority (Paul-Ehrlich Institute, Langen,
Germany). All participants provided written informed consent.

mRNA vaccine manufacturing

BNT162b2 incorporates a Good Manufacturing Practice-grade,
codon-optimized mRNA drug substance that encodes trimer-
ized SARS-CoV-2 S derived from the Wuhan-Hu-1isolate (GenBank:
QHDA43416.1; amino acids 1-1273) and carrying mutations K986P and
V987P (S stabilized in its prefusion conformation (P2 S)). The RNA
is generated from a DNA template by in vitro transcription in the
presence of 1-methylpseudouridine-5’-triphosphate (Thermo Fisher
Scientific) instead of uridine-5’-triphosphate. Capping is performed
co-transcriptionally using a trinucleotide cap 1analogue ((m,”**)
Gppp(m*°)ApG) (TriLink). The antigen-encoding RNA contains

sequence elements that increase RNA stability and translation effi-
ciency in human dendritic cells®**. The mRNA is formulated with lipids
(ALC-3015, ALC-0159, DSPC and cholesterol) in an aqueous solution
of sucrose, NaCl, KCI, Na,HPO, and KH,PO, to obtain the RNA-lipid
nanoparticle drug product. The vaccine was transported and supplied
asabuffered-liquid solution forintramuscular injection and was stored
at-80 °C.

Proteins and peptides

Two pools of 15-mer peptides overlapping by 11 amino acids and
together covering the whole sequence of wild-type (no P2 S mutation)
SARS-CoV-2S (Wuhan-Hu-1, GenBank: QHD43416.1; S pool 1featuring
amino acids 1-643, S pool 2 featuring amino acids 633-1273) and one
pool covering SARS-CoV-2 RBD (amino acids 327-528) with the signal
peptide of S (aminoacids1-16) fused toits N terminus were used for ex
vivo stimulation of PBMCs for flow cytometry and IFNy ELISpot. CEF
(CMV, EBV and influenza virus; HLA class | epitope peptide pool) and
CEFT (CMV, EBV, influenzavirus and tetanus toxoid; HLA class Il epitope
peptide pool) were used to benchmark the magnitude of memory T cell
responses. All peptides were obtained from JPT Peptide Technologies.
The 8-12-amino-acid-long peptides used in the easYmer assays were
produced at BioNTech US.

Human convalescent serum and PBMC panel

Serafromindividuals (n=38) who had been infected with SARS-CoV-2
orrecovered from COVID-19 were drawn from donors 18-83 years of age
at least 14 days after PCR-confirmed diagnosis and at a time at which
the participants were asymptomatic. The mean age of the donors was
45years. GMTsinsubgroups of the donors were as follows: symptomatic
infections, 90 (n =35); asymptomatic infections, 156 (n =3); hospital-
ized, 618 (n=1).Serawere obtained from Sanguine Biosciences, the MT
Group and Pfizer Occupational Health and Wellness. The data presented
for these sera have previously been reported®***. PBMC samples from
individuals (n=18) who had beeninfected with SARS-CoV-2 or recovered
from COVID-19 were collected fromdonors22-79yearsof age 30-62days
after PCR-confirmed diagnosis, when donors were asymptomatic.
PBMC donors had asymptomatic or mild infections (n =16, clinical
score1land 2) or had been hospitalized (n =2, clinical score 4 and 5).
Blood samples were obtained from the Frankfurt University Hospital.

Cell culture and primary cellisolation

HEK293T/17 cells (American Type Culture Collection (ATCC) CRL-
11268), Vero cells (ATCC CCL-81), Vero E6 cells (ATCC CRL-1586) and
Vero 76 cells (ATCC CRL-1587) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with GlutaMAX (Gibco) supplemented with
10% fetal bovine serum (FBS) (Sigma-Aldrich). Cell lines were tested for
mycoplasma contamination after receipt and before expansion and
cryopreservation. PBMCs were isolated by Ficoll-Paque PLUS (Cytiva)
density gradient centrifugation and cryopreserved before analysis.

S1-and RBD-binding IgG assay

To enable the comparison of vaccine-induced S1-and RBD-binding IgG
responses to previously reported data on the BioNTech-Pfizer RNA
vaccines for COVID-19, serawere analysed as previously described**.
In brief, recombinant SARS-CoV-2 S1 or RBD containing a C-terminal
Avitag (Acro Biosystems) were bound to streptavidin-coated Luminex
microspheres. Heat-inactivated participant sera were diluted 1:500,
1:5,000and 1:50,000. Following an overnight incubation at 2-8 °C while
shaking, plates were washed in a solution containing 0.05% Tween-
20. A secondary fluorescently labelled goat anti-human polyclonal
antibody (Jackson Labs) was added for 90 min at room temperature
while shaking, before plates were washed once moreinasolution con-
taining 0.05% Tween-20. Data were captured as median fluorescent
intensities using a Bioplex200 system (Bio-Rad) and converted to
Uml™antibody concentrations using areference standard curve with



arbitrarily assigned concentrations of 100 U ml™ and accounting for
the serum dilution factor. The reference standard was composed of
apool of 5 serum samples from individuals who had recovered from
COVID-19 obtained >14 days after COVID-19 PCR diagnosis and was
diluted sequentially in antibody-depleted human serum. Three dilu-
tions were used to increase the likelihood that at least one result for
any sample would fall within the useable range of the standard curve.
Assay results were reportedin U ml™ of IgG. The final assay results were
expressed as the geometric mean concentration of all sample dilutions
that produced a valid assay result within the assay range.

SARS-CoV-2 neutralization assay

To enable the comparison of vaccine-induced serum neutralizing titres
to those previously reported for BioNTech-Pfizer RNA vaccines for
COVID-19, serawere analysed as previously described®*". In brief, the
neutralization assay used a previously described strain of SARS-CoV-2
(USA_WA1/2020) that had been rescued by reverse genetics and engi-
neered by theinsertion of an mNeonGreen (mNG) gene into openread-
ing frame7 of the viral genome*. The USA_WA1/2020 strain Sis identical
in sequence to the wild-type SARS-CoV-2 S (Wuhan-Hu-1isolate). The
reporter virus generates similar plaque morphologies and indistin-
guishable growth curves from wild-type virus. Viral master stocks
(2x107 plaque forming units (PFU) per ml) were grown in Vero E6 cells
as previously described*. With sera from patients who had recovered
from COVID-19, the fluorescent neutralization assay produced com-
parable results to the conventional plaque reduction neutralization
assay®. Serial dilutions of heat-inactivated sera were incubated with
thereporter virus (2 x10* PFU per well to yield a10-30% infection rate
of the Vero CCL81 monolayer) for 1 h at 37 °C before inoculating Vero
CCLS81 cell monolayers (targeted to have 8,000 to 15,000 cellsina
central field of each well at the time of seeding, 24 h before infection)
in 96-well plates to allow accurate quantification of infected cells. Total
cell counts per well were enumerated by nuclear stain (Hoechst 33342)
and fluorescent virally infected foci were detected 16-24 h after inocu-
lation with a Cytation 7 Cell Imaging Multi-Mode Reader (BioTek) with
GenS5 Image Prime version 3.09. Titres were calculated in GraphPad
Prism version 8.4.2 by generating a four-parameter logistical fit of
the per cent neutralization at each serial serum dilution. The VNT, is
reported as the interpolated reciprocal of the dilution yielding a 50%
reduction in fluorescent viral foci.

VSV-SARS-CoV-2 S pseudovirus neutralization assay for
single-amino-acid-exchangeS

VSV-SARS-CoV-2-S pseudoparticle generation and neutralization assays
were performed as previously described®. In brief, human codon
optimized SARS-CoV-2 S-encoding DNA (GenBank: MN908947.3)
was synthesized (Genscript) and cloned into an expression plasmid.
SARS-CoV-2 complete genome sequences representing circulating vari-
ants were downloaded from the GISAID nucleotide database (https://
www.gisaid.org) late in the spring of 2020. Sequences were curated,
and the genetic diversity of the S-encoding gene was assessed across
high-quality genome sequences using custom pipelines. The most
abundant amino acid substitutions identified were cloned into the S
expression plasmid using site-directed mutagenesis. HEK293T cells
(ATCC CRL-3216) were seeded (culture medium: DMEM high glucose
(Life Technologies) supplemented with 10% heat-inactivated FBS
(Life Technologies) and penicillin, streptomycin and L-glutamine
(Life Technologies)), and transfected the following day with S expres-
sion plasmid using Lipofectamine LTX (Life Technologies) following
the manufacturer’s protocol. At 24 h after transfection at 37 °C, cells
were infected with VSV glycoprotein (VSV-G) trans-complemented VSV
encoding the mNeonGreen fluorescent reporter gene instead of the
native viral glycoprotein (VSVA¢™e"/ySV-G) diluted in Opti-MEM (Life
Technologies) at a multiplicity of infection of 1. Cells were incubated
1hat37°C, washed to remove residual input virus and overlaid with

infection medium (DMEM high glucose supplemented with 0.7% low
IgG bovine serum albumin (Sigma), sodium pyruvate (Life Technolo-
gies) and 0.5% gentamicin (Life Technologies)). After 24 hat 37 °C, the
medium containing VSV-SARS-CoV-2-S pseudoparticles was collected,
centrifuged at 3,000g for 5 min to clarify and stored at —80 °C until
further use.

For pseudovirus neutralization assays, Vero cells (ATCC CCL-81)
were seeded in 96-well platesin culture medium and allowed to reach
approximately 85% confluence before use in the assay (24 h later). Sera
wereserially diluted 1:2 ininfection medium starting with a1:300 dilu-
tion. VSV-SARS-CoV-2-S pseudoparticles were diluted 1:1in infection
medium for a fluorescent focus unit countin the assay of about1,000.
Serumdilutions were mixed 1:1 with pseudoparticles for 30 min at room
temperature before addition to Vero cells and incubation at 37 °C for
24 h. Supernatants were removed and replaced with PBS (Gibco), and
fluorescent foci were quantified using the SpectraMax i3 plate reader
with MiniMax imaging cytometer (Molecular Devices). Neutralization
titres were calculated in GraphPad Prism version 8.4.2 by generating a
four-parameter logistical fit of the per cent neutralization at each serial
serumdilution. The pVNTy,is reported as the interpolated reciprocal
ofthe dilution yielding a 50% reduction in fluorescent viral foci.

VSV-SARS-CoV-2 S pseudovirus neutralization assay for
multiple-site mutations

Arecombinant replication-deficient VSV vector that encodes green
fluorescent protein (GFP) and luciferase (Luc) instead of VSV-G was
pseudotyped with Wuhan-Hu-1 isolate SARS-CoV-2 S (GenBank:
QHD43416.1) variants according to published pseudotyping proto-
cols*. One variant had four mutations from S of the B.1.1.298 lineage
(also referred to as SARS-CoV-2/hu/DK/CL-5/1) (Y453F/D614G/1692V/
M12291)%, Two variants had either eight (DS80A/D215G/A242-244/
K417N/E484K/N501Y/D614G/A701V) or ten mutations (L18F/DS80A/
D215G/R2461/A242-244/K417N/E484K/N501Y/D614G/A701V) found
in S of the B.1.351 lineage (also referred to as 20C/501Y.V2)*°. In brief,
HEK293T/17 monolayers transfected to express SARS-CoV-2S with the
C-terminal cytoplasmic19 amino acids (SARS-CoV-2-S(CA19)) truncated
wereinoculated with the VSVAG-GFP/Luc vector. After incubation for
1hat37°C, theinoculumwasremoved, and cells were washed with PBS
before medium supplemented with anti-VSV-G antibody (clone 8G5F11,
Kerafast) was added to neutralize residual input virus. VSV-SARS-CoV-2
pseudovirus-containing medium was collected 20 h after inoculation,
0.2-um filtered and stored at —80 °C.

For pseudovirus neutralization assays, 40,000 Vero 76 cells were
seeded per 96-well. Sera were serially diluted 1:2 in culture medium
starting with a 1:10 dilution (dilution range of 1:10 to 1:2,560).
VSV-SARS-CoV-2-S pseudoparticles were diluted in culture medium
for a fluorescent focus unit count in the assay of about 1,000. Serum
dilutions were mixed 1:1 with pseudovirus for 30 min at room tem-
perature before addition to Vero 76 cell monolayers in 96-well plates
andincubation at 37 °C for 24 h. Supernatants were removed, and the
cellswerelysed with luciferase reagent (Promega). Luminescence was
recorded, and neutralization titres were calculated by generating a
four-parameter logistical fit of the per cent neutralization at each serial
serumdilution. The pVNT,is reported as the interpolated reciprocal
ofthe dilution yielding a 50% reduction in luminescence.

IFNy ELISpot

IFNy ELISpot analysis was performed ex vivo using PBMCs depleted
of CD4"* and enriched for CD8" T cells (CD8" effectors) or depleted of
CD8"and enriched for CD4" T cells (CD4" effectors). Tests were per-
formedinduplicate and witha positive control (anti-CD3 monoclonal
antibody CD3-2 (1:1,000; Mabtech)). Multiscreen filter plates (Merck
Millipore) pre-coated with IFNy-specific antibodies (ELISpotPro kit,
Mabtech) were washed with PBS and blocked with X-VIVO 15 medium
(Lonza) containing 2% human serum albumin (CSL-Behring) for 1-5h.
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Per well, 3.3 x10° effector cells were stimulated for 16-20 h with over-
lapping peptide pools that are described in ‘Vaccine-induced T cell
responses’. Bound IFNy was visualized using a secondary antibody
directly conjugated with alkaline phosphatase followed by incubation
with 5-bromo-4-chloro-3’-indolyl phosphate and nitro blue tetrazolium
substrate (ELISpotPro kit, Mabtech). Plates were scanned using an
AID Classic Robot ELISPOT Reader and analysed by AID ELISPOT 7.0
software (AID Autoimmun Diagnostika). Spot counts were displayed
as mean values of each duplicate.

Peptide-stimulated spot counts were compared to effectors incu-
bated with medium only as negative control using an in-house ELIS-
pot dataanalysistool, based on two statistical tests (distribution-free
resampling) according to previous publications**,

To account for varying sample quality reflected in the number of
spotsinresponse toanti-CD3 antibody stimulation, we applied anor-
malization method that enabled direct comparison of spot counts
and strength of response between individuals. This dependency was
modelled in alog-linear fashion with a Bayesian model including a
noise component (R.H., unpublished). For a robust normalization,
each normalization was sampled 10,000 times from the model and the
mediantaken as normalized spot count value. Likelihood of the model:
log(A;) =alog(Ay) +log(B)) + o¢, inwhich A, is the normalized spot count
of the sample; a is a stable factor (normally distributed) common
among all positive controls, Ap; B;is a sample-j-specific component
(normally distributed); and o< is the noise component, of which gis
Cauchy distributed and gis Student’s-t distributed. §;ensures that each
sampleis treated as a different batch.

Intracellular cytokine staining by flow cytometry
Cytokine-producing T cells were identified by intracellular cytokine
staining. PBMCs, thawed and rested for 4 hin OpTmizer medium sup-
plemented with 2 pg mI™ DNase I (Roche), were restimulated with dif-
ferent portions of the wild-type sequence of SARS-CoV-2 S in peptide
pools described in ‘IFNy ELISpot’ (2 pug per ml per peptide) (JPT Pep-
tide Technologies) in the presence of GolgiPlug (BD) for 18 h at 37 °C.
Controls were treated with dimethyl sulfoxide (DMSO)-containing
medium. Cells were stained for viability and surface markers (CD3
BV421,1:250; CD4 BV480, 1:50; CD8 BB515, 1:100; all BD Biosciences)
in flow buffer (DPBS (Gibco) supplemented with 2% FBS (Sigma),
2 mM EDTA (Sigma-Aldrich)) and Brilliant Staining Buffer Plus (BSB
Plus, BD Horizon, according to the manufacturer’s instructions) or in
Brilliant Staining Buffer (BD Horizon) for 20 min at 4 °C. Afterwards,
samples were fixed and permeabilized using the Cytofix/Cytoperm kit
according to manufacturer’s instructions (BD Biosciences). Intracel-
lular staining (CD3 BV421, 1:250; CD4 BV480, 1:50; CD8 BB515,1:100;
IFNy PE-Cy7,1:50 (for samples from individuals who had recovered
from COVID-19); IFNy BB700, 1:250 (for participants in the trial); IL-2
PE, 1:10; IL-4 APC, 1:500; all BD Biosciences) was performed in Perm/
Wash buffer supplemented with BSB Plus (BD Horizon, according to
the manufacturer’s instructions) for 30 min at 4 °C. Samples were
acquired onafluorescence-activated cell sorter (FACS) VERSE instru-
ment (BD Biosciences) and analysed with FlowJo software version 10.6.2
(FlowJo, BD Biosciences). S- and RBD-specific cytokine production
was corrected for background by subtraction of values obtained with
DMSO-containing medium. Negative values were set to zero. Cytokine
production in Fig. 3a was calculated by summing up the fractions of
allCD4" T cells positive for either IFNy, IL-2 or IL-4, setting this sum to
100% and calculating the fraction of each specific cytokine-producing
subset. Pseudocolor plot axes arein log,, scale. Data presented here for
15 ofthe 18 individuals who had recovered from COVID-19 who donated
PBMCs have previously been reported™.

pMHC multimer staining by flow cytometry
To select MHC-class-1 epitopes for multimer analysis, we applied a
mass-spectrometry-based binding and presentation predictor**® to

8-12-amino-acid-long peptide sequences from S derived from the
GenBankreference sequence for SARS-CoV-2 (accession: NC_045512.2,
https://www.ncbi.nlm.nih.gov/nuccore/NC_045512) and paired with
18 MHC-class-1 alleles with >5% frequency in the European popula-
tion. Top predicted epitopes were identified by setting thresholds
to the binding per cent rank (<1%) and presentation scores (=1072?).
Peptides were manufactured at >90% purity. pMHC complexes were
refolded with the easYmer technology (easYmer kit, InmuneAware
Aps), and complex formation was validated inabead-based flow cytom-
etry assay according to the manufacturer’s instructions**°. Combina-
torial labelling was used for investigating the antigen specificity of
T cells using two-colour combinations of five different fluorescent
labels to enable detection of up to ten different T cell populations
per sample®. For tetramerization, streptavidin (ST)-fluorochrome
conjugates were added: ST BV421, ST BV711, ST PE, STPE-Cy7, ST APC
(allBD Biosciences). For three participants vaccinated with BNT162b2,
individualized pMHC multimer staining cocktails contained up to ten
pMHC complexes, with each pMHC complex encoded by a unique
two-colour combination. PBMCs (2 x 10°) were stained ex vivo for
20 min at room temperature with each pMHC multimer cocktail at
afinal concentration of 4 nM in BSB Plus (BD Horizon). Surface and
viability staining was carried out in flow buffer (DPBS (Gibco) with 2%
FBS (Sigma),2mM EDTA (Sigma-Aldrich)) supplemented with BSB Plus
for 30 min at 4 °C (CD3 BUV395, 1:50; CD45RA BUV563, 1:200; CD27
BUV737,1:200; CD8 BV480,1:200; CD279 BV650, 1:20; CD197 BV786,
1:15; CD4 BB515,1:50; CD28 BB700, 1:100; CD38 BUV805,1:300; HLA-DR
APC-R700, 1:150 (all BD Biosciences); CD57 BV605,1:600 (Biolegend);
DUMP channel: CD14 APC-eFluor780, 1:100; CD16 APC-eFluor780,
1:100; CD19 APC-eFluor780, 1:100; fixable viability dye eFluor780,
1:1,667 (all ThermoFisher Scientific)). Cells were fixed for 15 min at
4°Cin1xstabilization fixative (BD), acquired on a FACSymphony A3
flow cytometer (BD Biosciences) and analysed with FlowJo software
version10.6.2 (FlowJo, BD Biosciences). CD8" T cell reactivities were
considered positive, when a clustered population was observed that
was labelled with only two pMHC multimer colours.

Sequence alignment

To assess the conservation of the T cell epitopes assayed with pMHC
multimers, multiple sequence alignment of four variants of concern
(B.1.1.298,B.1.1.7, B.1.351 and P.1) and the BNT162b2 sequence was per-
formed using the MAFFT online tool®.

Statistical analysis

The sample size for the reported part of the study was not based on
statistical hypothesis testing. All participants with data available were
included in the safety and immunogenicity analyses. The statistical
method of aggregation used for the analysis of antibody concentra-
tionsand titresis the geometric mean and the corresponding 95% con-
fidenceinterval. Using the geometric mean accounts for non-normal
distribution of antibody concentrations and titres that span several
orders of magnitude. Spearman correlation was used to evaluate the
monotonicrelationship between non-normally distributed datasets.
Allstatistical analyses were performed using GraphPad Prism software
version 9.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The datathat support the findings of this study are available from the
corresponding author uponreasonable request. Upon completion of
this clinical trial, summary-level results willbe made publicand shared
inline with data-sharing guidelines.
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Extended DataFig.1|Vaccination schedule and sample collection. Study
participantsreceived a priming dose with BNT162b2 on dayland abooster
doseonday22+2.Serawere obtained onday1(pre-prime),day8+1
(post-prime), day 22 +2 (pre-boost), day 29 + 3, day 43 +4, day 50 £ 4 and
day85+7 (post-boost). PBMCs were obtained onday 1(pre-prime), day 29 +3,
day43+4andday85+7(post-boost).
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recorded up to one week after eachimmunization (days 1-7 and 22-28) to

Extended DataFig.2|Solicited adverse events. a,b, Number of participants
withlocal (a) or systemic (b) solicited adverse events. Participants were

immunized with BNT162b2 ondayland day 22 (prime: n

datafrom1-3additional days

of follow-up were available and are presented. Grading of adverse events was

performed according to US Food and Drug Administration

recommendations®.

’

determinereactogenicity; for some participants

12 perdose cohort

11); participants

except for boost of the 1-and 100pg dose cohorts, for which n

discontinued for non-vaccine-related reasons). Grey shading indicates number

of participants ateach time point. As per protocol, adverse events were
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Extended DataFig. 3 | Pharmacodynamic markers. a, b, Participants were
immunized withBNT162b2 on day1and day 22 (n=12 per dose cohort). One
participantinthel-pg dose cohort (outlieronday 8inaand highest dataset
inb) presented with anon-treatment-related gastroenteritis on days 6-8.

a, Kinetics of C-reactive protein (CRP) level. b, Kinetics of lymphocyte counts.
¢, Kinetics of neutrophil counts. Dotted lines indicate upper and lower limit of

referencerange.Ina, for valuesbelow the LLOQ (of 0.3), LLOQ/2 values were
plotted.
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Extended DataFig.4|BNT162b2-induced antibody responses. Vaccination
scheduleand serumsampling are described in Extended Data Fig. 1.
Participants wereimmunized with BNT162b2 on day 1and day 22 (n=12 per
dose cohort; from day 22 onwards n=11for the 1-pg and 10-pug dose cohorts).
Arrowheadsindicate days of vaccination. Pre-dose responses across all dose
levels were combined. Samples fromindividuals who had beeninfected with
SARS-CoV-2or had recovered from COVID-19 (HCS) (n=38) were obtained at
least14 days after PCR-confirmed diagnosis and at atime at which the donors
were nolonger symptomatic.a-d, Eachserumwas tested induplicate and IgG
GMCs (a, ¢) and geometric mean 50% (pseudo)neutralizing titres (GMTs) (¢, d)
were plotted. For valuesbelow the LLOQ (1.27 (S11gG), 1.15(RBD IgG) (a),

20 (VNTs,) (c)and 300 (pVNT,,) (d)), LLOQ/2 values were plotted. a, Recombinant

S1-and RBD-binding IgG group GMCs (values above bars) with 95% confidence
intervals. b, Fraction of participants with >4-fold-increased 50% serum
neutralizing response above baseline (from Fig. 1a) at each time point.
Fractions with exact 95% Clopper-Pearson confidence intervals.

¢, Non-parametric Spearman correlation of recombinant S1-binding IgG

GMCs (froma) with VNT,, from day 29 sera (from Fig. 1a) with data points for
participants with GMCs and GMTs below the LLOQ (open circles) excluded.

d, pVNTs,across apseudovirus panel displaying 19 SARS-CoV-2 S variantsona
Wuhan-Hu-1strainbackground, including 18 withRBD single-nucleotide-exchange
mutations and the dominant D614G variant (1-,10- and 30-pg dose cohorts, n=1
or2representative seraeach; day 29).
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Extended DataFig.5|BNT162b2-induced S-specificCD4*and CD8' T cells.
CD4"orCD8' T cell effector-enriched fractions of PBMCs obtained from trial
participants onday1(pre) and day 29 (1-,10- and 20-pg dose cohorts, n=9 each;
30-pgdose cohort, n=10) were stimulated overnight with overlapping peptide
pools covering the wild-type SARS-CoV-2S (Spoolland S pool 2) or RBD for
assessment by IFNyELISpot. Each data point represents the normalized mean
spot count from duplicate wells for one study participant, after subtraction
ofthe medium-only control. Spot count data from two participants from

the 20-pg dose cohort could not be normalized and are not plotted.

a, b, RBD-specific (a) and S-specific (b) CD4*and CD8" T cell responses for each
dose cohort. T cell responses against S pool1and S pool 2 were combined for
each participant. Numbers above each dataset represent the number of

participants with a positive T cell response over the total number of
participants tested. ¢, ELISpot example of CD4*and CD8" T cell responses for a
30-pg dose cohort participant onday 1(pre) and day 29 (post). d, Mapping of
vaccine-induced responses of participants with evaluable baseline data (n =34
for CD4*and n=37for CD8" T cellresponses) to different portions of S on day 29.
Denovo-induced oramplified responses are classified as BNT162b2-induced
responses; noresponses or pre-existing responses that were not amplified by
the vaccinations are classified as no vaccine response (none). e, Response to
Spoollonday29inindividuals with or without a pre-existing response to
Spool2.Datafromthel-ugdose cohortareexcluded, as nobaselineresponse
to S pool2waspresentin this cohort. Horizontal bars represent the median of
eachgroup.f, ELISpot example of CD4" and CD8" T cell responses on day 85.
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Extended DataFig. 6| Correlation of antibody and T cell responsesinduced
by BNT162b2. a-c, Dataare plotted for all prime-boost-vaccinated
participants (1-,10-,20- and 30-pg dose cohorts) from day 29, with data points
for participants with no detectable T cell response (open circles; b, ¢) excluded
from correlation analysis. S1-specific IgG responses from Fig. 1a, S-specific

Tcellresponses from Extended DataFig. 5a (n=37). Non-parametric Spearman
correlations are shown. a, Correlation of S1-specific IgG responses with
S-specificCD4" T cell responses. b, Correlation of S-specific CD4* with CD8*
Tcellresponses. ¢, Correlation of S1-specific IgG responses with S-specific
CD8" Tcellresponses.
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Extended DataFig.7|Cytokine profiles and reactivities of BNT162b2-
induced T cells. a-e, PBMCs obtained onday 1(pre), day 29 (dose cohorts1pg,
n=8;10,20and 30 pg, n=11each) (a-d), day 43 and day 85 (30-ug dose cohort,
n=38)(e) and donors who had recovered from COVID-19 (HCS) (n=18) (b, d)
were stimulated overnight with three overlapping peptide poolsrepresenting
different portions of the wild-type sequence of SARS-CoV-2S (N-terminal pools
SpoollandRBD, and the C-terminal S pool 2), and analysed by flow cytometry
(gating strategy in Supplementary Fig.1). Participant PBMCs were tested
withoutreplicates (b-e).a, Examples of pseudocolour flow cytometry plots of
cytokine-producing CD4"and CD8" T cells froma participantin the 30-pg dose
cohortinresponsetoSpoollandSpool2onday1(pre)and day 29 (post).

b, S-specific CD4" T cells (S pool 1, S pool 2and RBD) producing the indicated
cytokineasafraction of total circulating T cells of the same subset on day 29.
Values above data pointsindicate mean fractions per dose cohort. ¢, Fraction
ofvaccine-induced, S-specificIFNy"CD4" T cells plotted against IL-4* CD4"
Tcellsonday 29.1CS stimulation was performed using a peptide mixture of S

poollandSpool2.Eachdatapointrepresentsonestudy participant (dose
cohorts1pug,n=8;10and 30 pg, n=11;20 pg, n=10). One participant from the
20-pgdose cohort withastrong pre-existing CD4" T cell response to S pool 2
was excluded.d, S-specific CD8" T cells (S pool 1, S pool 2and RBD) producing
theindicated cytokineas afraction of total circulating T cells of the same
subset onday 29. Values above data points indicate mean fractions per dose
cohort. e, Responsekinetics of S-specific CD4"and CD8" T cells stimulated with
Spool2and producingtheindicated cytokine as afraction of total circulating
Tcellsofthesame subset. Vertical dotted linesindicate days of vaccination.
f,Epitopesrecognized by BNT162b2-induced T cells (from Fig. 4a) and aligned
withthe corresponding sequencesin four SARS-CoV-2lineages. Non-
consensus aminoacids are highlighted inred. g, Epitope-specific CD8" T cell
frequencies determined by pMHC class I multimer staining (per cent multimer*
of CD8"),ICSand ELISpot (per cent IFNy* of CD8") from the three participantsin
Fig.4.Signals for Spoolland S pool 2 were merged for each assay.
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Extended Data Table 1| Demographic characteristics
1 Mg 10 pg 20 ug 30 ug Total
Cohort (N=12) (N=12) (N=12) (N=12) (N=48)
n (%) n (%) n (%) n (%) n (%)
Male 7 (58.3) 4 (33.3) 2 (16.7) 8 (66.7) 21 (43.8)
Sex
Female 5(41.7) 8 (66.7) 10 (83.3) 4 (33.3) 27 (56.2)
Caucasian 12 (100) 12 (100) 12 (100) 12 (100) 48 (100)
Race African American 0 0 0 0 0
Asian 0 0 0 0 0
Mean (SD) 36.1 (10.09) 34.8 (10.41) 42.3 (9.86) 46.7 (6.41) 39.9 (10.26)
Age at vaccination Median 37.0 35.5 415 47.0 410
(years)
Min, Max 21, 53 19, 51 29, 55 35, 55 19, 55

N, number of participants in the specified group. This value is the denominator for the percentage calculations. n, number of participants with the specified characteristics.




Extended Data Table 2 | Participant disposition and analysis sets

BNT162b2 Safety analysis
Antibody analysis (day) T-cell analysis (day)

vaccinated (day)

Cohort
Prime Boost 1+ 2212+ 1 8+1 2242 2913 434 5014 8547 1 29+3 43+4 8517

1 ug 12 11 12 11 12 12 12 11 10 10 0 9*(8)  9(8) 0 0
10 ug 12 1 12 1 12 12 1 1 11 11 1M1 o=(11) 9(11) 0 0
20 ug 12 12 12 12 12 12 12 12 12 12 10 9(11) 9(11) 0 0
30 g 12 12 12 12 12 12 12 12 11 12 12 10(11) 10(11) 0(8) 6(8)

Twelve participants per dose cohort received the priming and the booster doses, except for two participants who did not receive the booster dose owing to a study-drug-unrelated withdrawal
by one participant (1-ug dose level), and concurrent nasopharyngitis not related to the study drug in another participant (10-pug dose level). Safety analysis: numbers of participants for whom
one week of reactogenicity follow-up after both doses was evaluable at data cut-off. Antibody analysis: numbers of participants for whom virus neutralization assays and S1- and RBD-binding
IgG assays were performed. T cell analysis: numbers of participants for whom IFNy ELISpot and flow cytometry (in parentheses) data were available at data cut-off.

The + sign after the days of injection indicates the follow-up period of at least seven days. N/A, not applicable. *8 and **7 for CD4* T cell responses.
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Extended Data Table 3 | Summary of solicited local and systemic reactions

a

Time interval (1\11=u192) (:\JOJS) (ﬁ?:#g) (?x?:hjg) &‘ﬁl)
nn 12 12 12 12 48

Dose 1upto day Tafter any tocal reaction, n (%) 6 (50) 12 (100) 12 (100) 10 (83) 40 (83)
Any grade 23 local reaction, n (%) 0(0) 0(0) 0(0) 0 (0) 0 (0)
nn 11 11 12 12 46

5:::22 up to day 7 after Any local reaction, n (%) 4 (36) 10 (91) 10 (83) 11(92) 35 (76)
Any grade 23 local reaction, n (%) 0 (0) 0 (0) 0 (0) 0(0) 0(0)
nn 12 12 12 12 48

Combined interval Any local reaction, n (%) 7 (58) 12 (100) 12 (100) 11 (92) 42 (88)
Any grade 23 local reaction, n (%) 0(0) 0(0) 0(0) 0 (0) 0 (0)

b

Time interval (1\11=p192) (:\l(ihjg) (f\l(lhjg) (i&?g) (;gtfels)
nn 12 12 12 12 48

3;)::11 up to day 7 after Any systemic reaction, n (%) 9 (75) 12 (100) 9 (75) 9 (75) 39 (81)
Any grade 23 systemic reaction, n (%) 0(0) 0(0) 1(8) 0(0) 1(2)
nn 11 11 12 12 46

5;::22 uptoday 7 after  pn o ctemic reaction, n (%) 4 (36) 7 (64) 10 (83) 10 (83) 31 (67)
Any grade 23 systemic reaction, n (%) 0 (0) 1(9) 1(8) 3(25) 5(12)
nn 12 12 12 12 48

Combined interval Any systemic reaction, n (%) 9 (75) 12 (100) 11 (92) 12 (100) 44 (92)
Any grade 23 systemic reaction, n (%) 0 (0) 1(8) 2 (17) 3 (25) 6 (13)

a, Local reactions. b, Systemic reactions. The ‘combined interval’ is the union of the intervals ‘dose 1 up to day 7 after dose 1’ and ‘dose 2 up to day 7 after dose 2'. N, number of participants in the
analysis set; n, number of participants with the respective local (a) or systemic (b) reactions; nn = number of participants with any information on local (a) or systemic (b) reactions available.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|Z| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|X| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|X| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection ICS flow cytometry data was collected using the FACS VERSE instrument (BD Biosciences) and FACSSuite software version 1.0.6 .
Multimer flow cytometry phenotyping data was collected using a Symphony A3 flow cytometer (BD) and DIVA Version 9.1. Flow
cytometry data was analysed with FlowJo software version 10.6.2 (FlowJo LLC, BD Biosciences)

ELISpot plates were scanned using an AID Classic Robot ELISPOT Reader and analysed by AID ELISPOT 7.0 software (AID Autoimmun
Diagnostika).

S1- and RBD-binding IgG data were captured as median fluorescent intensities (MFIs) using a Luminex reader.
For SARS-CoV-2 neutralisation assay, total cell counts per well were enumerated by nuclear stain (Hoechst 33342) and fluorescent virally
infected foci were detected with a Cytation 7 Cell Imaging Multi-Mode Reader (Biotek) with Gen5 Image Prime version 3.09.

For VSV-SARS-CoV-2 spike variant pseudovirus neutralisation assay (for single amino acid exchange S glycoproteins), fluorescent foci were
quantified using the SpectraMax i3 plate reader with MiniMax imaging cytometer (Molecular Devices).

For VSV-SARS-CoV-2 spike variant pseudovirus neutralisation assay (for multiple site mutations), luminescence was quantified using the
Infinite F200 pro multiplate Reader (Tecan).

No custom software codes have been developed.

Data analysis Flow cytometry data was analysed using FlowJo software version 10.6.2 (FlowJo LLC, BD Biosciences).
ELISpot plate scan and QC was performed using AID ELISPOT 7.0 software (AID Autoimmun Diagnostika). T-cell responses stimulated by
peptides were compared to T-cell responses stimluated with cell culture medium only as a negative control using an in-house ELISpot
data analysis tool (EDA), based on two statistical tests (distribution-free resampling) according to Moodie et al. (refer to

Material&Methods section in the manuscript for references), to provide sensitivity while maintaining control over false positives.

S1- and RBD-binding 1gG data captured as median fluorescent intensities (MFIs) were converted to U/mL antibody concentrations using a
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reference standard curve (reference standard composed of a pool of five convalescent serum samples obtained >14 days post-COVID-19
PCR diagnosis and diluted sequentially in antibody-depleted human serum) with arbitrarily assigned concentrations of 100 U/mL and
accounting for the serum dilution factor.

For SARS-CoV-2 and VSV-SARS-CoV-2 spike variant pseudovirus neutralisation assay (for single amino acid exchange S glycoproteins),
titers were calculated in GraphPad Prism version 8.4.2 by generating a 4-parameter (4PL) logistical fit of the percent neutralisation at
each serial serum dilution. The 50% neutralisation titre (VNT50) was reported as the interpolated reciprocal of the dilution yielding a 50%
reduction in fluorescent viral foci.

For VSV-SARS-CoV-2 spike variant pseudovirus neutralisation assay (for multiple site mutations), titers were calculated in GraphPad Prism
version 9.0.0 by generating a 4-parameter (4PL) logistical fit of the percent neutralisation at each serial serum dilution. The 50%
pseudovirus neutralisation titre (pVNT50) was reported as the interpolated reciprocal of the dilution yielding a 50% reduction in
luminescence signal.

All statistical analyses were performed using GraphPad Prism software versions 8.4.2 and 9.0.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author upon reasonable request. SARS-CoV-2 complete genome sequences
were downloaded from GISAID nucleotide database (https://www.gisaid.org) on March 20th, 2020 as referred in Baum et al., 2020. Upon completion of this clinical
trial, summary-level results will be made public and shared in line with data sharing guidelines.

Field-specific reporting
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In the part of the clinical study reported here five dose levels (1 ug, 10 pg, 20 ug, 30 pg) of the BNT162b2 vaccine candidate were assessed at
one site in Germany with 12 healthy volunteers per dose level in a dose escalation and de-escalation design. Sentinel dosing was performed in
each dose-escalation cohort. The inclusion of 12 subjects per group is considered to be adequate for a safety assessment of each vaccine per
dose level. The probability to observe a particular TEAE with incidence of 15% at least once in 12 subjects per group is 85.8%.

Data exclusions  Clinical safety and serology data available until data extraction date of 23 October 2020 were included.
Cut-off date for intracellular cytokine staining data included in the manuscript was 17 February 2021.
Cut-off date for ELISPOT data included in the manuscript was 28 January 2021.

For serology/cell-mediated immunity correlation analyses (Ext. Data Fig. 6), data were only plotted for prime/boost vaccinated participants
with detectable T-cell response.

All participants with sufficient PBMC material available at day 1 and day 29 were included in the ICS analyses. In Fig. 3a, CD4 non-responders
(<0.03% total cytokine producing T cells; 1 pg, n=2 [S pool 1] and n=1 [S pool 2]; 10 ug, n=1) were excluded. In Ext. Data Fig. 7c, one
participant from the 20 ug dose level cohort with a strong pre-existing CD4+ T cell response to S pool 2 was excluded.

All participants with sufficient PBMC material available were included in the ELISPOT analyses. Fig. 2a and Ext. Data Fig. 5a and b spot count
data from two participants from the 20 pg dose level cohort could not be normalized and have been excluded. In Fig. 2b, participants without
a T-cell response were excluded. In Ext. Data Fig. 6b, only data from participants with both CD4+ and CD8+ T-cell responses were included.
Data shown are preliminary and not fully source-data verified.

Replication A parallel clinical study of very similar design has been conducted in the USA involving the same populations, vaccine candidates and doses.
The results for safety and immunogenicity align closely. The US study is randomized placebo controlled.
Serology: Participant sera were tested in duplicate and geometric mean concentration (S1- or RBD-specific IgG dLIA) or titer (virus
neutralisation and pseudovirus neutralisation assay) were plotted.
T cell immunity: Participant PBMCs were tested as single instance in ICS and multimer analyses. Participant PBMCs were tested in duplicates in
ELISpot analyses. Spot counts were summarized as mean values of each duplicate.
Data shown are preliminary and not fully source-data verified.
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Randomization  Randomization was not performed in order to facilitate operational efficiencies with the sentinel design, also knowing that a parallel
randomized, placebo-controlled study was being conducted in the same vaccine constructs in the USA.

Blinding This is a non-randomized open-label phase I/1l trial. Investigators were not blinded in order to facilitate operational efficiencies with the

sentinel design, also knowing that a parallel randomized, placebo-controlled study was being conducted in the same vaccine constructs in the
USA.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
] Antibodies [] chip-seq
|:| Eukaryotic cell lines |:| Flow cytometry
|Z |:| Palaeontology |Z |:| MRI-based neuroimaging
|Z |:| Animals and other organisms
|:| |Z Human research participants
|:| |Z Clinical data
Antibodies
Antibodies used Flow cytometry (specificity/host+reactivity/fluorochrome/clone/manufacturer/catalogue number/lot number/dilution/extra- or

intracellular):

CD3/mouse anti-human/BV421/UCHT1/BD Biosciences/562426/9113553/1:250/extracellular+intracellular
CD4/mouse anti-human/BV480/RPA-T4/BD Biosciences/746541/0171955/1:50/extracellular+intracellular
CD8/mouse anti-human/BB515/RPA-T8/BD Biosciences/564526/0037189/1:100/extracellular+intracellular
IFNy /mouse anti-human/BB700/B27/BD Biosciences/566394/XX/1:250/intracellular

IFNy /mouse anti-human/PE-Cy7/B27/BD Biosciences/557643/9332967/1:50/intracellular

|L-2/rat anti-human/PE/MQ1-17H12/BD Biosciences/554566/9337013/1:10/intracellular

|L-4/rat anti-human/APC/MP4-25D2/BD Biosciences/554486/9185677/1:500/intracellular

CD3/mouse anti-human/BUV396/UCHT1/BD Biosciences/563546/903095/1:50/extracellular
CD69/mouse anti-human/BUV496/FN50/BD Biosciences/750214/0234125/1:150/extracellular
CD45RA/mouse anti-human/BUV563/HI100/BD Biosciences/612926/0108723/1:200/extracellular
CD27/mouse anti-human/BUV737/L128/BD Biosciences/612829/0048020/1:200/extracellular
CD103/mouse anti-human/BUV805/Ber-ACT8/BD Biosciences/748501/0234121/1:150/extracellular
CD8/mouse anti-human/BV480/RPA-T8/BD Biosciences/566121/8298740/1:200/extracellular
CD49a/mouse anti-human/BV605/SR84/BD Biosciences/742359/0234071/1:100/extracellular
CD279 (PD-1)/mouse anti-human/BV650/EH12.1/BD Biosciences/564104/0064420/1:20/extracellular
CD197 (CCR7)/rat anti-human/BV786/3D12/BD Biosciences/563710/0163845/1:15/extracellular
CD4/mouse anti-human/BB515/SK3/BD Biosciences/565996/9343113/1:50/extracellular
CD28/mouse anti-human/BB700/L293/BD Biosciences/745905/0259534/1:100/extracellular
CD38/mouse anti-human/PE-CF594/HIT2/BD Biosciences/562288/0036633/1:600/extracellular
HLA-DR/mouse anti-human/APC-R700/G46-6/BD Biosciences/565127/9204365/1:150/extracellular
CD16/mouse anti-human/APC-eFluor780/CB16/Thermo/47-0168-42/2152036/1:100/extracellular
CD14/mouse anti-human/APC-eFluor780/61D3/Thermo/47-0149-42/2126831/1:100/extracellular
CD19/mouse anti-human/APC-eFluor780/HIB19/Thermo/47-0199-42/2145095/1:100/extracellular

Tetramers:

HLA-A*02:01 - YLQPRTFLL - BV711; HLA-A*02:01 - YLQPRTFLL - PE-Cy7; 1:24
HLA-A*02:01 - RLQSLQTYV - BV711; HLA-A*02:01 - RLQSLQTYV - PE; 1:24
HLA-B*35:01 - LPFNDGVYF - BV421; HLA-B*35:01 - LPFNDGVYF - PE; 1:24
HLA-B*35:01 - QPTESIVRF - APC; HLA-B*35:01 - QPTESIVRF - PE; 1:24

HLA-B*35:01 - IPFAMQMAY - BV711; HLA-B*35:01 - IPFAMQMAY - PE-Cy7; 1:24
HLA-A*24:02 - NYNYLYRLF - BV711; HLA-A*24:02 - NYNYLYRLF - PE; 1:24
HLA-A*24:02 - QYIKWPWYI - BV421; HLA-A*24:02 - QYIKWPWYI - PE; 1:24
HLA-A*24:02 - KWPWYIWLGF - BV421; HLA-A*24:02 - KWPWYIWLGF - BV711; 1:24

JElelelblg)

Reagents for in-house Monomer and Tetramer production:
HLA-A*02:01 easymer; Immunaware; 1001-01; E190040.3; 1:6
HLA-B*35:01 easymer; Immunaware; 1072-01; E200058.1; 1:6
HLA-A*24:02 easymer; Immunaware; 1020-01; E190042.1; 1:6
Streptavidin — PE; Biosciences; 554061; 9049627; 1: 560
Streptavidin — APC; Biosciences; 554067; 8326901; 1:220
Streptavidin — BV421; Biosciences; 563259; 8291845; 1: 110
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Validation

Eukaryotic cell lines

Streptavidin — BV711; Biosciences; 563262; 9283452; 1:110
Streptavidin — PE-Cy7; Biosciences; 557598; 9336544; 1:220
B2M; mouse; anti human; Biolegend; 316305; B286120; 1:250

Fixable Viability Dye/eF780/eBioscience/65-0865-14/2185428/1:1,666

ELISpotPro kit/cat. no. 3420-2APT-10/lot no. 370/Mabtech:
Primary anti-IFNg antibody/clone c1-D1K/pre-coated plates
Secondary anti-IFNg antibody/clone 7-B6-1 (ALP conjugate)/1:250
CD3/clone CD3-2/1:1,000

S1- and RBD-binding IgG assay:
goat anti-human 1gG/R-PE/polyclonal/Jackson Labs/109-115-098/147186/1:500

Commercially available antibodies were selected based on their antigen specificity and suggested application as described on the
manufacturer’s website and data sheets. The antibody concentrations for staining were optimized by titrating down each
reagent starting at the manufacturer’s recommendation. The optimal amounts of the reagents were defined by (i) minimal
unspecific shift of the negative population and (ii) a maximal separation of the negative and positive population. Individual
antibody validation reports are not evident from the BD Biosciences website.

Policy information about cell lin

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

es

Vero cells (CCL-81), Vero E6 cells (CRL-1586) and HEK293T (CRL-3216) were obtained from ATCC.
Vero and Vero E6 cells were sourced from ATCC, which maintains a quality management system commensurate to 1SO
9001:2015, 1SO 13485:2016, ISO 17025:2017, and ISO 17034:2016. Cells were certified by the vendor and propagated

according to the manufacturer’s instructions.

All used cell lines were tested negative for mycoplasma contamination after receipt and before expansion and
cryopreservation.

No commonly misidentified cell lines were used.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Note that full information on the ap

Clinical data

Healthy men and non-pregnant women 18 to 55 years of age with equal gender distribution. Most participants were Caucasian
(96.7%) with one African American and one Asian subject (1.7% each). Key exclusion criteria included previous clinical or
microbiological diagnosis of COVID-19; receipt of medications to prevent COVID-19; previous vaccination with any coronavirus
vaccine; a positive serological test for SARS-CoV-2 IgM and/or IgG at the screening visit; and a SARS-CoV-2 NAAT-positive nasal
swab within 24 hours before study vaccination; those with increased risk for severe COVID-19; immunocompromised individuals,
those with known infection with HIV, hepatitis C virus, or hepatitis B virus and those with a history of autoimmune disease.

Recruitment was performed by teaching investigators according to inclusion and exclusion criteria without any bias. No protocol-
specified methods. The sites are experienced phase 1 units with established rostas of potential subjects who they can invite for
screening for inclusion. Also the sites advertise through their own web-site. Some subjects self-referred via the sponsor.

The trial was carried out in Germany in accordance with the Declaration of Helsinki and Good Clinical Practice Guidelines and
with approval by an independent ethics committee (Ethik-Kommission of the Landesarztekammer Baden-Wdurttemberg,
Stuttgart, Germany) and the competent regulatory authority (Paul-Ehrlich Institute, Langen, Germany). All subjects provided
written informed consent.

proval of the study protocol must also be provided in the manuscript.

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

ClinicalTrials.gov Identifier: NCT04380701, see also manuscript

The full clinical study protocol will be submitted before acceptance, and a comprehensive description of the clinical trial design,
eligibility criteria and endpoints is available at https://clinicaltrials.gov/ct2/show/study/NCT04380701.

Serum for antibody assays was obtained on day 1 (pre-prime), 8+1 (post-prime), 2242 (pre-boost), 29+3, 43+4, 50+4, and 8547
(post-boost). PBMCs for T cell studies were obtained on day 1 (pre-prime), 2943, 43+4, and 8547 (post-boost). Tolerability was
assessed by patient diary.

All formal protocol-determined visits were conducted on-site at the investigators premises (in each case a dedicated phase 1
unit). All study procedures such as blood sample, physical examinations, screening checks were conducted at the study sites. The
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Outcomes

Flow Cytometry

only exceptions were the completion of the subject diaries, which was done by the subjects at home. Diaries were collected by
the sites at the subjects' next scheduled visits and the data entered on site. There was also dedicated telephone follow-up, 48
hrs following dosing, to ensure subject well-being, which was documented on site by the investigator conducting the call.

Primary objective: To describe the safety and tolerability profiles of prophylactic BNT162 vaccines in healthy adults after single
dose (SD; prime only) or prime/boost (P/B) immunization.

Endpoints: Solicited local reactions & solicited systemic reactions (listed in subject diaries, to be graded by subjects) and
unsolicited treatment-emergent adverse events.

Secondary objectives: To describe the immune response in healthy adults after SD or P/B immunization measured by a functional
antibody titer, e.g., virus neutralization test or an equivalent assay available by the time of trial conduct.
Endpoints: Functional antibody responses; fold increasese in functional antibody titers; number of subjects with seroconversion

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

Cytokine-producing T cells were identified by intracellular cytokine staining. PBMCs thawed and rested for 4 hours in OpTmizer
medium supplemented with 2 pg/mL DNAsel (Roche), were restimulated with different portions of the wild-type sequence of
SARS-CoV-2 S protein (N-terminal pools S pool 1 [aa 1-643] and RBD [aal-16 fused to aa 327-528 of the S protein], and the C-
terminal S pool 2 [aa 633-1273]) (2 ug/mL/peptide; JPT Peptide Technologies) in the presence of GolgiPlug (BD) for 18 hours at
37 °C. Controls were treated with DMSO-containing medium. Cells were stained for viability and surface markers (in flow buffer
comprising D-PBS [Gibco] supplemented with 2% FBS [Sigma], 2 mM EDTA [Sigma-Aldrich]), and Brilliant Stain Buffer Plus [BD
Horizon™, according to the manufacturer’s instructions] or in Brilliant Stain Buffer [BD Horizon™]) for 20 minutes at 4 °C.
Afterwards, samples were fixed and permeabilized using the Cytofix/Cytoperm kit according to manufacturer’s instructions (BD
Biosciences). Intracellular staining was performed in Perm/Wash buffer supplemented with Brilliant Stain Buffer Plus (according
to the manufacturer’s instructions) for 30 minutes at 4 °C.

Antigen-specific CD8+ T cells were identified and characterized in Multimer staining experiments. Frozen aliquots of PBMCs were
thawed and 2x1076 cells were stained for 20 minutes at room temperature with each pMHC multimer cocktail at a final
concentration of 4 nM in Brilliant Staining Buffer Plus (BSB Plus [BD Horizon™]). Surface and viability staining was carried out in
flow buffer (DPBS [Gibco] with 2% FBS [Biochrom], 2 mM EDTA [Sigma-Aldrich]) supplemented with BSB Plus for 30 minutes at 4°
C. Finally, the cells were fixed for 15 minutes at 4°C in 1x Stabilization Fixative (BD Biosciences).

Samples were acquired on a FACS VERSE instrument (BD Biosciences) for identification of cytokine-producing T cells. For
multimer analysis, samples were acquired on a Symphony A3 instrument (BD Biosciences)

For data analysis FlowJo software version 10.6.2 (FlowJo LLC, BD Biosciences) was used.
Bulk PBMCs were used. No cell sorting was performed.

The gating strategies are detailed in the respective figure or in the supplementary information. Briefly, singlets were gated based
on their location in the FSC-A/FSC-H plot. Debris was excluded in the subsequent FSC-A/viability dye plot. Viable cells were gated
from non-debris in the FSC-A/viability dye plot. From viable cells, lymphocytes were gated based on their size and granularity in
the FSC-A/SSC-A plot. From lymphocytes, CD3+ T cells were gated in the CD3/SSC-A plot. From CD3+ T cells, CD4+ and CD8+ T
cells were gated in the CD4/CDS8 plot. From CD4+ T cells, IFNg+, IL-2+, IL-4+ or IFNg+ IL.-2+ T cells were gated by plotting CD4/
IFNg, CD4/IL-2, CD4/IL-4, or IFNg/IL-2. From CD8+ T cells, IFNg+, IL-2+ or IFNg+ IL-2+ T cells were gated by plotting CD8/IFNg,
CD8/IL-2, or IFNg/IL-2.

The gating strategy for the identification and characterization of ag-specific CD8+ T is shown in detail in the supplementary Fig. 2.
Singlets were gated in a FSC-A/FSC-H plot. Viable lymphocytes were addressed by successive gating in a SSC-A/FCS-A plot
followed by excluding DUMP positive cells (dead cells, CD14, CD19, CD16) in a FSC-A/DUMP plot. From lymphocytes, CD3+ T cells
were gated in a CD3/FSC-A plot. From CD3+ T cells, CD4+ and CD8+ T cells were gated in the CD4/CD8 plot. Ag-specific CD8+ T
cells were gated as multimer double positive cells in a 2D dot plot with a combination of two fluorochromes labeling a defined
MHC-epitope (10 combinations using 5 fluorochromes). From CD8+ or CD8+ multimer+ T cells, further T cell subsets were
determined in a CCR7/CD45RA plot (memory phenotype) or CD38/HLA-DR plot or CD3/PD-1(activation status) or CD28/CD27
(stages of differentiation).

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

>
Q
—
C
=
D
=
D
w
D
Q
=
(@)
=
=
D
©
]
=
>
(e}
(%2
C
3
3
Q
=
<

JElelelblg)

4

810¢




	BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans

	Study design and analysis sets

	Safety and tolerability

	Vaccine-induced antibody response

	Vaccine-induced T cell responses

	Polarization of T cell responses

	Specificity and phenotype of CD8+ T cells

	Discussion

	Online content

	﻿Fig. 1 BNT162b2-induced IgG concentrations and virus neutralization titres.
	Fig. 2 Magnitude and durability of BNT162b2-induced T cell responses.
	﻿Fig. 3 Cytokine polarization of BNT162b2-induced T cells.
	﻿Fig. 4 Characterization of BNT162b2-induced T cells on the single-epitope level.
	Extended Data Fig. 1 Vaccination schedule and sample collection.
	Extended Data Fig. 2 Solicited adverse events.
	Extended Data Fig. 3 Pharmacodynamic markers.
	Extended Data Fig. 4 BNT162b2-induced antibody responses.
	Extended Data Fig. 5 BNT162b2-induced S-specific CD4+ and CD8+ T cells.
	Extended Data Fig. 6 Correlation of antibody and T cell responses induced by BNT162b2.
	Extended Data Fig. 7 Cytokine profiles and reactivities of BNT162b2-induced T cells.
	Extended Data Table 1 Demographic characteristics.
	Extended Data Table 2 Participant disposition and analysis sets.
	Extended Data Table 3 Summary of solicited local and systemic reactions.


